Consecutive outpatients who had undergone the atrial switch operation or who had ccTGA without previous heart surgery were invited to participate. Patients with a permanent pacemaker in situ were excluded. All patients received routine clinical evaluation in the outpatient clinic, including determination of the grade of tricuspid regurgitation by echocardiography. The degree of tricuspid regurgitation was qualitatively assessed by color Doppler imaging and graded as 0 (no regurgitation), I (mild regurgitation), II (moderate Circ J 2008; 72: 1130 -1135 (Received July 1, 2007 revised manuscript received February 6, 2008; accepted February 25, 2008 Background Patients after atrial switch operation for transposition of the great arteries have limited exercise performance. Rigid atrial baffles may cause a relative preload reduction. Previous studies have had suboptimal control groups, which ideally should consist of patients with congenitally corrected transposition of the great arteries (ccTGA) without previous heart surgery, having a systemic right ventricle, but lacking rigid atrial baffles. Therefore the aim of this study was to test the impact of atrial baffles by comparing 12 atrial switch patients with 11 ccTGA patients.
atients after atrial switch operation for transposition of the great arteries without typical postoperative complications, such as atrial arrhythmia or atrial baffle obstruction, 1,2 have limited exercise performance. 1, 3 However, the underlying reason remains unclear, although 3 possibilities have been discussed in previous studies. Firstly, the morphologic right ventricle may not be able to meet the requirements of a systemic ventricle. [4] [5] [6] Secondly, a low heart rate (HR) response during exercise 7 may cause limited exercise performance. And finally, a relative preload reduction during exercise caused by the rigid atrial baffles may limit exercise performance. 8, 9 However, those previous studies assessed patients after the atrial switch operation either without a control group [4] [5] [6] 9 or by comparing them to normal subjects with morphologic left ventricles in systemic position. 7, 8 The ideal control group for examining the cause of limited exercise performance of patients after the atrial switch operation is very rare because it comprises patients with congenitally corrected transposition of the great arteries (ccTGA) who have not had previous heart surgery. Like patients after the atrial switch operation, these patients have a right ventricle in the systemic position, but are lacking rigid baffles in their atria.
Therefore our aim was to study the impact of surgically created atrial baffles by comparing patients after the atrial switch operation with unoperated ccTGA patients.
To test the impact of surgically created atrial baffles we used dobutamine stress magnetic resonance imaging (MRI) because it is a powerful, safe, and non-invasive method of studying the exercise performance of both right and left ventricular function. [8] [9] [10] [11] [12] In particular, in patients with the atrial switch operation dobutamine stress causes similar changes as maximal bicycle exercise. 9 regurgitation), or III (severe regurgitation). 13 
Patients
Atrial Switch Operation We enrolled 12 asymptomatic patients without pacemakers after the atrial switch operation for transposition of the great arteries who did not have typical postoperative complications such as atrial arrhythmia or atrial baffle obstruction (Table 1) . Significant systemic or pulmonary venous baffle obstruction was excluded by clinical and echocardiographic investigation and by assessing serum liver enzymes. Prior to the dobutamine stress test, routine MRI scans in all 3 orthogonal orientations through the heart provided additional evidence for freedom from baffle obstruction. By reviewing the case histories of all patients we identified sinus node dysfunction in 7 of the 12 patients, following the criteria of Martin and Kugler. 13 Four patients had a maximal exercise HR <180 beats/min: 1 had sinus arrest >2.2 s, 1 had intermittent atrial flutter and sinus arrest >2.2 s, and 1 proved to have a resting HR <40 beats/min on Holter recording. All patients were asymptomatic at the time of the study and had participated in a previous study. 14 ccTGA We enrolled 11 patients with ccTGA without previous heart surgery ( Table 2) . Only patients without previous heart surgery were included to assure that right ventricular function and sinus node integrity were not affected. Seven patients had no or only minor associated cardiac anomalies. None of the patients with ccTGA had a history of HR or conduction abnormalities. Eight of them had participated in a previous study. 14 
Study Protocol and Parameters
All patients were studied while supine after insertion of a peripheral indwelling catheter in the antecubital vein and a 10-min rest. After completion of all resting condition measurements, the dobutamine infusion was started. After reaching steady state, all stress condition measurements were measured. Systolic and diastolic blood pressures were measured every 2 min and electrocardiogram (ECG) was continuously registered. HR was calculated from the ECG recordings every minute, averaging 3 RR intervals. The study protocol was approved by the ethics committee of the Medical Faculty of the Technical University Munich. Informed written consent was given by all patients or parents.
Dobutamine Stress
Dobutamine was infused by an automated infusion pump placed outside the scanner. The initial dose of 5 g·kg -1 · min -1 over 10 min, which was then increased to 10 g·kg -1 · min -1 over another 10 min. The response to dobutamine infusion was considered to be at steady state after 10 min or when the HR had reached a new plateau. One patient with ccTGA (patient 13) developed complete heart block under 10 g· kg -1 · min -1 dobutamine, but tolerated 5 g· kg -1 · min -1 , so all stress measurements were performed under the lower dosage for that patient.
MRI
During resting and dobutamine stress conditions the enddiastolic and end-systolic volumes of the systemic right ventricle were calculated from the MRI short-axis cuts of the ventricles. Right ventricular mass was measured only during rest. During resting and dobutamine stress conditions the stroke volume (SV) of the systemic ventricle was measured by phase velocity MRI of the ascending aorta. Cardiac output was calculated by multiplying right ventricular SV measured by phase velocity MRI of the ascending aorta by HR. End-diastolic, end-systolic and SVs, as well as right ventricular mass and cardiac output, were indexed to body surface area. The ejection fraction of the systemic right ventricle was calculated by dividing SV in the ascending aorta by end-diastolic volume of the systemic right ventricle.
All studies were performed with a standard 1.5 T scanner (Philips Gyroscan ACS NT Intera, software Release 8.0, Philips Electronics, Eindhoven, The Netherlands), using a surface coil with 5 elements. At the beginning of each study steady-state free precession scans (balanced fast field echo scans, field of view 450 mm, slice thickness 8 mm without gap) through the heart in all 3 orthogonal imaging planes were performed for anatomic orientation and exclusion of baffle obstruction. For measurement of ventricular volumes short-axis scans covering the entire heart were acquired using a multiphased balanced fast field echo sequence. Scans were retrospectively ECG triggered and performed under breathhold. Slice thickness was 6 mm without slice gap, field of view 350-400 mm and the matrix 256×256 yielding an in-plane resolution of 1.4-1.6 mm. Each slice was imaged in 15-17 phases of the cardiac cycle. Of the short-axis cuts right ventricular volumes in end-diastole and end-systole and right ventricular mass were calculated. The whole area of the interventricular septum was included in the right ventricular mass. For volume and mass calculation, endocardial and epicardial borders of the systemic right ventricle were outlined manually in each slice on a separate work station using dedicated software (MASS ® ; Medis Inc, Leiden, The Netherlands). For phase velocity MRI a conventional phase-sensitive gradient echo sequence was used in a double-oblique plane perpendicular to the ascending aorta at the level of the sinutubular junction. The following acquisition parameters were used: repetition time 25 ms, echo time 6 ms, slice thickness 6 mm, flip angle 30°, receiver bandwidth 31.25 kHz, rectangular field of view 260-330 mm, matrix 256×256, number of excitations 2. The highest flow velocity to be encoded was set to 2.5 m/s. Data were reconstructed to provide 25-33 magnitude (anatomic) and phase (velocity-mapped) images per cardiac cycle.
Data analysis was performed offline with commercially available software (Massflow ® , Medis Inc).
Statistical Analysis
All parameters between groups (patients after atrial switch operation vs ccTGA) were tested by 2-tailed MannWhitney U-test. Variables within each group before and after dobutamine stress were tested by Wilcoxon test for paired variables.
Boxplots were used to graphically display the data. SPSS 13.0 for Windows (Chicago, IL, USA) was used for statistical analysis and generation of the boxplots.
Results
The most important difference between the patient groups was that atrial switch patients could not increase the SV index under dobutamine stress, whereas patients with ccTGA increased it from 41 (28-59) to 56 (30-86) ml/m 2 (p=0.004, Fig 1) . No difference was seen in the rise of the cardiac index between groups (Fig 2) . HR increased significantly more during dobutamine stress in atrial switch patients than in patients with ccTGA (p=0.004, Fig 3) . Various other hemodynamic parameters showed significant changes under dobutamine stress in both groups, but did not show differences between the 2 groups (Table 3) .
Three patients developed arrhythmia under 10 g·kg -1 · min -1 dobutamine infusion. Patient 12 (after atrial switch operation) had single ventricular ectopies. Patient 13 (ccTGA) developed complete heart block under 10 g·kg -1 ·min -1 and her HR dropped to 36 beats/min. The heart block did not occur under 5 g·kg -1 ·min -1 and all stress measurements were performed with that dosage. Patient 16 (ccTGA) developed atrioventricular dissociation under 10 g· kg -1 · min -1 dobutamine without symptoms. Patients with congenitally corrected transposition of the great arteries (ccTGA) and patients after the atrial switch operation (strial switch) increased their heart rates under dobutamine stress (stress). The box of the boxplots marks out the 25 th (first quartile) to the 75 th (third quartile) percentiles, the bold line within the box marks the median. The whiskers above and below the box represent the largest and smallest data points that are less than 1.5 box lengths (interquartile range) away from the end of the box. *p<0.01 rest vs stress by Wilcoxon test for paired variables. Note: the median rise in heart rate was significantly more pronounced in patients after atrial switch vs patients with ccTGA [32 (15-69) vs 15 (7-42) beats/min, p=0.004 by 2-tailed Mann-Whitney U-test]. Table 2 .
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Discussion
The results of this study support the hypothesis that atrial baffles restrict the rise in SV under dobutamine stress in patients who have undergone the atrial switch operation for transposition of the great arteries. We showed that patients with ccTGA can increase the SV index under dobutamine stress significantly whereas patients after atrial switch operation could not (Fig 1) . However, the increase in the cardiac index during stress was similar (Fig 2) in both groups, because the rise in HR was significantly more pronounced in the patients after atrial switch compared with those with ccTGA (Fig 3) .
Failure to increase SV during bicycle 4,9 or dobutamine 9,15 stress has been described in patients after the atrial switch operation, but the interpretation has not been clear.
Some have suggested that failure to increase the SV index is because of the increased end-diastolic volume and decreased ejection fraction. 4, 16 Others, using conductance catheters, have shown that load-independent end-systolic pressure -volume relationships improved, while SV decreased under dobutamine stress. 9 However, because they did not have a control group the authors could only hypothesize that is was not reduced myocardial mechanical performance, but impaired atrioventricular flow because of abnormal intra-atrial pathways that was the underlying reason for a failure to increase SV.
By using patients with ccTGA as the ideal control group we support that hypothesis. Patients with ccTGA offer a unique natural analogy to patients after the atrial switch operation. As with patients after the atrial switch operation, these patients have a right ventricle in the systemic position, but are lacking rigid baffles in their atria. The most important result from the present study was that patients with ccTGA significantly increased their SV index under dobutamine stress whereas patients after the atrial switch operation did not (Fig 1) . However, the increase in cardiac index during stress was similar (Fig 2) in both patient groups, because the increase in HR was significantly greater in patients after the atrial switch than in patients with ccTGA (Fig 3) . Therefore, we suggest that this difference is caused by differing atrial drainage and atrial architecture in patients after the atrial switch operation compared with the anatomy after ccTGA. It is highly likely that the surgically created atrial baffles lead to inadequate ventricular filling during stress and increased HR.
However, the inference that surgically created atrial baffles lead to inadequate ventricular filling during stress and increased HR may not be the only explanation for our findings. One could argue that the SV is lower in the atrial switch patients because the increase in HR under dobutamine administration was the reason for the reduced SV. However, the SV and HR at rest did not differ between groups. Additionally, if dobutamine administration was the reason that SV is reduced in patients after the atrial switch operation one would expect that the same changes would be seen in the ccTGA group. Therefore, it seems justified to assume that contractile function of the systemic right ventricle of both groups is the same. Thus, we suggest, it is the surgically created atrial baffles that lead to inadequate ventricular filling during stress and increased HR in patients after the atrial switch operation.
However, we are aware that we did not produce direct evidence that the surgically created atrial baffles lead to inadequate ventricular filling during stress and increased HR in patients after the atrial switch operation. If the atrial baffles restrict adequate ventricular filling during stress, then there must be a pressure drop across the baffles during stress, which could theoretically be measured in 2 ways: directly or indirectly with blood velocity acceleration. However, the first possibility, direct measurement of the pressure drop would require an invasive blood pressure measurement during heart catheterization and during dobutamine stress. Patients in both groups would need to be studied invasively by carrying out at least 4 complete pullback pressure curves in each patient. Although this is technically possible, we do feel that it is ethically very questionable to study these patients invasively. It should be noted that these patients had no clinical complaints and that our study was designed to be a non-invasive hemodynamic evaluation. The second possibility is measuring the pressure drop across the baffles during stress indirectly with blood velocity acceleration, which is theroretically correct, but one would need to measure blood velocity acceleration from the superior and inferior venae cava into the systemic venous baffle, and from a left and a right pulmonary vein into the pulmonary venous baffle. Additionally, one would have to also do similiar measurements in the ccTGA group: from the superior and inferior venae cava into the right atrium, and from a left and a right pulmonary vein into the left atrium. All these measurements would have to be carried out in 2 planes. It is very unlikely that this is feasible under stable conditions. A further problem is that blood velocity measurements cannot be reliably carried out by MRI because of its less than perfect temporal resolution. Therefore, these 4 measurements, each in 2 planes, would have to be evaluated by echocardiography and it is very unlikely that these 8 planes can be reliably evaluated neither by transthoracic or transesophageal echocardiography during dobutamine stress. Hence, we do not think that measuring the pressure drop directly or indirectly is practically feasible.
Effects of dobutamine stress in patients with ccTGA have been studied previously, 17 and in contrast to our results the SV of the systemic right ventricle during dobutamine stress did not change. However, only 6 of 13 patients with ccTGA were unoperated and 4 had significant tricuspid regurgitation. Previous heart surgery leads to myocardial injury and impaired ventricular function, 18, 19 and in our study none of the patients with ccTGA had undergone previous heart surgery. Tricuspid regurgitation is a potential confounder of SV change under stress and in our study only 2 patients with ccTGA had severe tricuspid regurgitation. Thus the lower prevalence of previous heart surgery and tricuspid regurgitation in our study group explain why we observed larger right ventricular SV during stress compared with previous studies.
Study Limitations
Three issues may have limited the comparability of the groups. Firstly, some of the atrial switch patients had sinus node dysfunction (Table 1) . Secondly, some ccTGA patients had minor or major associated cardiac anomalies (Table 2 ). Thirdly, the ccTGA patients in our study were older than the atrial switch patients, with a p-value of 0.07 (Table 2) .
It is unlikely that the first issue, that some of the atrial switch patients had sinus node dysfunction, influenced the outcome of the study, because during the study resting HR in both groups was not significantly different (Fig 3) . Furthermore, the median rise in HR was significantly more pronounced in patients after atrial switch compared with patients with ccTGA (Fig 3) .
Regarding the second issue, a closer look at the 2 types of associated cardiac anomalies, pulmonary stenosis and ventricular septal defect in conjunction with pulmonary stenosis, shows that this was not likely to be a factor. Additional pulmonary stenosis could have reduced SV under stress. Therefore the difference in SV increase under dobutamine between patients with ccTGA and patients after atrial switch operation could have been even higher in the absence of pulmonary valve stenosis. A large ventricular septal defect in conjunction with pulmonary stenosis, as present in 3 patients with ccTGA, could have augmented aortic SV under dobutamine stress by increased right-to-left shunt. This is a potential source of error and can not be entirely excluded. However, these 3 patients had a relative SV increase of +37%, +111% and +24%, respectively. Furthermore, the whole group of patients with ccTGA had a relative SV increase of median +37%. Therefore we think that the large ventricular septal defect in these patients had no major influence on the results of the entire group.
The third issue, that ccTGA patients in our study were older (p-value 0.07, Table 2 ), is also unlikely to have confounded the results of our study. The influence of age in patients with ccTGA on SV, systemic right ventricular function, and exercise performance has previously been extensively studied. SV, systemic right ventricular function, and exercise performance either worsened 20, 21 or did not significantly change with increased age. 22 Taking these findings into account, the slightly older age of the ccTGA patients in our study might have caused the SV to be impaired compared with the atrial switch patients, but as this was not the case we do not think that the age of the ccTGA patients was a factor.
The difference between the patient groups in the ability to increase SV under dobutamine stress has 2 possible explanations: myocardial insult during heart surgery of the atrial switch patients or the different anatomical relationship between the ventricles of the 2 groups could affect ventricular filling under stress.
Conclusion
Asymptomatic patients after the atrial switch operation fail to increase their SV during dobutamine stress, whereas asymptomatic patients with ccTGA without previous heart surgery can increase it under these conditions. Because patients with ccTGA form a natural analogy to patients with atrial switch operation but lack the artificial baffles in their atria, the results of the present study support the hypothesis that the atrial baffles cause a relative preload reduction during exercise and are the most likely reason for the failure of these patients to increase SV during exercise.
